Despite large numbers of studies describing neuroadaptations caused by chronic cocaine exposure, there remains considerable uncertainty as to whether alterations in dopamine (DA) neurotransmission are responsible for progression into an addicted state. Highintake, 24-h access cocaine self-administration (SA, 10 days) followed by an extended (7 days), but not 1 day deprivation period produces an increased motivation to SA cocaine as measured by a progressive ratio protocol. Following binge cocaine SA and deprivation, the status of DA terminals in the nucleus accumbens (NAc) was investigated using microdialysis in freely moving rats and voltammetry in brain slices. At 1 and 7 days following binge cocaine SA, baseline extracellular DA concentrations in the NAc core were decreased by 40 and 55% of control levels, in the 1 and 7 day deprivation groups, respectively. Acute cocaine (1.5 mg/kg, i.v.) administration increased extracellular DA (350%) in the NAc core of naïve animals but failed to significantly increase DA at 1 or 7 days following binge cocaine SA. The shell of the NAc showed a similar lack of effect of cocaine. Analysis of DA terminals in brain slices showed that cocaine was markedly less effective in inhibiting DA uptake at 1 and 7 days of cocaine deprivation (max. effect 40% of control). Electrically stimulated DA release was decreased at 1 day and further decreased at 7 days of deprivation (67 and 49% of control, respectively). The rate of DA uptake was increased (150% of control) following binge SA, irrespective of deprivation period. Finally, presynaptic autoreceptors were subsensitive at both time points, as measured by the ability of quinpirole, a D2-like DA receptor agonist, to inhibit DA release. Thus, the NAc was hypodopaminergic and DA terminals were less sensitive to cocaine following binge cocaine SA and deprivation.
INTRODUCTION
The development of cocaine addiction in humans begins with recreational use and evolves into a compulsive drug taking disorder. Gawin (1991) has suggested that long-term cocaine use produces 'neuroadaptations', which are responsible for an altered disposition to drug taking (Leshner and Koob, 1999; Dackis and O'Brien, 2001; Goldstein and Volkow, 2002) . Much effort has therefore been devoted to documenting the various neurobiological changes found after extended cocaine exposure in animals (White and Kalivas, 1998; Bibb et al, 2001; Freeman et al, 2002; Zhou et al, 2003) . The dopamine (DA) system is an obvious starting point in the search for neuroadaptations responsible for the addictive process. Pharmacological, neurochemical, and lesion experiments indicate that cocaine acts as an indirect agonist at DA synapses by blocking the reuptake of DA into the presynaptic terminal in the nucleus accumbens (NAc) and other projection areas of the ventral tegmental area (Heikkila et al, 1975; Ritz et al, 1987 , Roberts et al, 1977 Koob et al, 1994; Volkow et al, 1997; Bardo, 1998; Di Chiara, 1999) . Despite the evidence for the role of DA neurotransmission in the acute reinforcing effects of cocaine, it remains to be determined whether changes in the physiology of this system account for motivational changes associated with cocaine addiction.
Extracellular DA levels are tightly controlled by a variety of mechanisms, including but not limited to synthesis, release, autoreceptor activity, uptake, and metabolism (Onali and Olianas, 1989; Horn, 1990; Palij et al, 1990; Kennedy et al, 1992; Wieczorek and Kruk, 1995; Cragg and Rice, 2004) . Repeated administration of cocaine produces changes in many of these measures; however, the magnitude and direction of these changes are inconsistent across studies, probably due to differences in route and pattern of administration, drug dose and length of treatment, and the duration of withdrawal (Kuhar and Pilotte, 1996) . The challenge is to evaluate whether such changes are related to the addiction process. A variety of treatment protocols, using experimenter-or self-administered cocaine, have been used successfully to detect drug-induced neurobiological changes. Such protocols may not alter the reinforcing effects of cocaine (see , and therefore it is premature to ascribe neuroadaptations resulting from the most common cocaine dosing procedures as substrates of the addiction process.
In an effort to define self-administration (SA) parameters that produce an augmentation in the reinforcing effects of cocaine, we have evaluated the effects of various access conditions, dosing intervals, and deprivation periods Morgan et al, 2002 . Recently, a protocol has been identified which produces an increase in the reinforcing efficacy of cocaine reinforcement (Morgan et al, 2002 . The protocol uses a discrete-trials procedure (DT4, see below) which allows 24-h access to cocaine without producing toxicity and produces a binge/ deprivation pattern of cocaine SA. Animals tested 1 day after extended access to cocaine on the DT schedule did not show changes in the reinforcing effects. Importantly, however, when tested after a 7-day drug-free period (ie deprivation), a significant augmentation in the reinforcing efficacy of cocaine was observed (Morgan et al, 2002 . Thus, groups with similar binge cocaine SA experience compared before and after the extended deprivation period offer an opportunity to identify neurochemical events that correlate with changes in reinforcing efficacy.
Here we examined the effects of binge cocaine SA and deprivation on the physiology of the DA system in the NAc using microdialysis in freely moving rats and voltammetry in brain slices. Using these techniques, measures of DA release and reuptake, sensitivity of D2-autoreceptors, and sensitivity of the dopamine transporter (DAT) to cocaine were compared across groups of animals with similar histories of cocaine SA but differing periods of deprivation and therefore different motivational states. Major alterations in all of the measures of DA function were observed in the NAc 1 day following binge SA, suggesting compensations in response to chronically high extracellular DA levels. The 7-day off group showed similar changes indicating that the augmentation in the reinforcing efficacy of cocaine that developed over time could not be accounted for by changes in DA terminal function in the NAc.
MATERIALS AND METHODS

Animals
Male, Sprague-Dawley rats (Harlan, IN) weighing approximately 350 g at the start of the experiments were used as subjects. Throughout these experiments, rats were maintained on a reverse light/dark cycle (lights on at 1500 hours) with food (Ralston, Purina, St Louis, MO) and water available ad libitum. After a minimum 3-day acclimation period, each rat was anesthetized with a combination of ketamine (100 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.) and implanted with a chronic indwelling Silastic s cannula (0.012 in inner and 0.025 in outer diameter) into the right jugular vein. The cannula exited the skin on the dorsal surface in the region of the scapulae (Morgan et al, 2002) , went through a stainless steel protective spring tether, and was attached to a counterbalanced fluid swivel mounted above the operant chamber, which allowed free movement within the chamber. Tygon tubing connected the swivel to an infusion pump (Razel Scientific Instruments, Inc., Stamford, CT). The operant chambers were 14 Â 14 Â 14 in, and served as both housing and testing chambers.
Cocaine Self-Administration SA training began 1 day following surgery. At the beginning of each daily session, a retractable lever extended into the cage to signal session onset. Each lever press resulted in the delivery of 1.5 mg/kg cocaine (approximately 0.1 ml of 5 mg/ ml cocaine over B5 s). Cocaine hydrochloride (racemic mixture) was obtained from the National Institute on Drug Abuse (Rockville, MD), dissolved in sterile 0.9% saline and passed through a microfilter, and the dosages are expressed as the salt. Concurrent with the start of each injection, the lever retracted and a stimulus light was activated for 20 s to signal a time-out period. At 10minutes before the start of each session, levers were retracted, syringes were refilled, and any changes in schedule conditions were carried out.
Rats were initially trained under a fixed ratio (FR) schedule with a maximum of 40 injections allowed. Each training session started at 1100 hours and lasted until 40 infusions had been self-administered, at which time the lever was retracted until the next daily session began. After the animals had established a stable daily pattern of cocaine intake for at least 5 days (40 infusions within 6 h, and no increasing or decreasing trends in time to finish session), the schedule conditions were changed to a DT schedule of reinforcement. During these sessions, rats were given access to cocaine during 10-min discrete trials. Trials were initiated at 15-min intervals with the introduction of a lever into the chamber. A single response resulted in a cocaine infusion, which was signaled by the illumination of a stimulus light for 20 s. A trial was terminated and the lever retracted if an injection (1.5 mg/kg/inj) was collected or if 10 min had elapsed. Rats received four discrete trials per hour (DT4), 24 h/day for 10 days. All animal procedures were approved by the Institutional Animal Care and Use Committee.
Microdialysis
Microdialysis guide-cannulas (CMA/11 guide cannula; CMA/Microdialysis AB, Stockholm, Sweden) were stereotaxically implanted in the NAc area (Core: anteroposterior, þ 1.2 mm; lateral, 2.0 mm; ventral, 5.8 mm; Shell: anteroposterior, þ 2.0 mm; lateral, 1.2 mm; ventral, 6.0 mm), relative to bregma and dura surface. Concentric microdialysis probes (membrane length 2 mm, CMA/11, CMA/ Microdialysis AB, Stockholm, Sweden) were implanted while animals were recovering from anesthesia. To simultaneously evaluate the effects of cocaine in the NAc core and shell, each rat was implanted with two probes, one on each side, aimed at the shell or core region. Microdialysis experiments were conducted in freely moving rats B24 h after surgery. The probes were perfused with artificial cerebrospinal fluid (148 mM NaCl; 2.7 mM KCl; 1.2 mM CaCl 2 ; 0.85 mM MgCl 2 ; pH 7.4) at a constant flow rate of 1.0 ml/min. Samples were collected every 20 min and immediately analyzed for DA by HPLC coupled to electrochemical detection (BAS, West Lafayette, IN) . Microdialysis data were calculated as the percentage change from baseline concentration, with 100% being defined as the average of the last three samples prior to drug treatment. The effect of cocaine (1.5 mg/kg, i.v.) on extracellular concentration of DA in the NAc areas was assessed by one-way or two-way analysis of variance (ANOVA) for repeated measures, with SA and deprivation history as the between-subject factor and time as the within-subject factor. Values of po0.05 were considered statistically significant.
Cyclic Voltammetry in Brain Slices
Rats were killed by decapitation, the brain rapidly removed and cooled in ice-cold, preoxygenated (95% O 2 /5% CO 2 ), modified Kreb's buffer containing (in mM): NaCl 126, KCl 2.5, NaH 2 PO 4 1.2, CaCl 2 2.4, MgCl 2 1.2, NaHCO 3 25, glucose 11, HEPES 20, L-ascorbic acid 0.4 and pH was adjusted to 7.4. Coronal slices (400 mm thick) containing the NAc were prepared with a vibrating tissue slicer (Leica VT1000S; Leica Instruments, Nussloch, Germany). Slices were kept in a reservoir of oxygenated buffer at room temperature until required. At 30 min before each experiment, a brain slice was transferred to a submersion recording chamber, perfused at 1 ml/min with 341C oxygenated Kreb's, and allowed to equilibrate.
A cylindrical carbon fiber microelectrode was placed into the core of the NAc and a bipolar stimulating electrode was placed on the surface of the brain slice B200 mm away (Budygin et al, 2001; Phillips et al, 2003) . DA was evoked by a single, rectangular, electrical pulse (300 mA, 2 ms/phase, biphasic), applied every 5 min. Extracellular DA was monitored at the carbon fiber electrode every 100 ms using fast-scan cyclic voltammetry (Kennedy et al, 1992) by applying a triangular waveform (À0.4 to þ 1.2 to À0.4 V vs Ag/AgCl, 300 V/s). Once the extracellular DA response to electrical stimulation was stable for three successive stimulations, cocaine (0.03, 0.1, 0.3, 1, 3, 10, and 30 mM), or quinpirole (1, 3, 10, 30, 100, and 300 nM) were applied cumulatively (20 and 25 min/concentration, respectively) to the brain slice via the superfusate. Each test was performed in one slice, which served as its own precondition control.
To evaluate the effects of cocaine and quinpirole, evoked levels of extracellular DA were modeled as a balance between release and uptake (Wightman et al, 1988) . The change in DA concentration with respect to time was estimated
is the brain extracellular concentration of DA, [DA] p is the change in concentration of DA at the electrode produced by each stimulus pulse, and V max and K m are Michaelis-Menten rate constants for DA uptake. In all cases, the goodness of the fits to the data was r 2 40.95. Baseline voltammetry data were compared across groups (naïve and 1 or 7 days of deprivation) using one-way ANOVA. Data obtained after administration of cocaine or quinpirole were subjected to a two-way ANOVA with experimental group and dose of cocaine or quinpirole as the factors. When significant interactions or main effects were obtained, differences between groups were tested using Newman-Keuls post hoc tests. In all cases, statistical significance was set at po0.05.
RESULTS
Cocaine SA on a Discrete-Trials 4 (DT4) Schedule for 10 Days
As described previously, when experimental conditions were changed to a DT4 schedule of reinforcement, animals self-administered nearly every injection for the first 18-36 h (ie the 'initial binge', Roberts et al, 2002) ; over the next several days, responding became more circadian with high levels of intake in the dark phase and with decreasing levels of intake in the light phase (Figure 1a and b) . Across this 10-day period, both groups of rats self-administered on average approximately 50 infusions/day, resulting in a total intake of Figure 1 Self-administration of 1.5 mg/kg/inj cocaine on a discrete-trial 4 (DT4) schedule for 10 days. (a) Daily event records (24 h sessions) for an individual rat across 10 days of access to cocaine on a DT4 schedule of availability are shown. Under these conditions, animals typically take every available injection for 18-36 h (infusions indicated by tickmarks), followed by an eventual circadian pattern of responding (most SA occurs during the dark phase (indicated by dark bars above records). (b) The hourly intake of cocaine (averaged across the 10 days) for the two groups of animals. Note that the intake of cocaine increases from the beginning of the dark phase, peaks at the end of the dark phase, and decreases throughout the light phase. (c) Total intake of cocaine over the 10-day period for the two groups of rats did not differ.
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approximately 750-800 mg/kg (Figure 1c) . Previous studies indicated that these patterns of SA coupled with a 7-day deprivation period result in higher levels of responding being maintained by cocaine on a progressive ratio schedule, whereas 1 day of deprivation fails to alter such responding (see Morgan et al, 2002) .
Lack of Cocaine Effect in the NAc Core and Shell of Rats Following Cocaine Binge SA and Deprivation
We used microdialysis to examine the sensitivity of DA terminals to cocaine following cocaine SA and either 1 or 7 days of deprivation. Baseline extracellular DA concentrations in the NAc core of naïve animals (44.8172.93 fmol/ sample; n ¼ 4) were significantly higher than those in animals following cocaine SA with 1 (18.0970.27 fmol/ sample; n ¼ 5) or 7 days of deprivation (24.1771.22 fmol/ sample; n ¼ 8) (F 2,48 ¼ 8,19; po0.001) . Systemic administration of cocaine (1.5 mg/kg, i.v.) elevated extracellular DA concentrations in the NAc core of naïve animals but failed to induce changes in animals following cocaine binge SA with either 1 or 7 days of deprivation (F 16, 116 ¼ 2.5; po0.01) (Figure 2a ).
To evaluate potential differences of DA terminals in the shell of the NAc following cocaine binge SA and deprivation, dual-probe microdialysis was used and two probes were simultaneously implanted in the same animal, one in the core and a second one in the contralateral shell region. Baseline extracellular DA concentrations in the NAc core and shell were not significantly different from each other (27.3970.9 vs 20.5270.73 fmol/sample, respectively). Rats with a 7-day deprivation period following binge SA were chosen because they showed increased cocaine reinforcement, compared to 1 day of deprivation. In these animals, as observed before in the core of the NAc (Figure 2a) , cocaine (1.5 mg/kg, i.v.) failed to elevate extracellular DA concentrations. When the contralateral NAc shell was simultaneously evaluated, no differences between brain regions (shell vs core; F 1,48 ¼ 0.007, p ¼ 0.93) and no significant interaction between groups over time (F 8,48 ¼ 0.68, p ¼ 0.71) were found.
DA Release in the Core of the NAc is Decreased and Clearance is Increased during Withdrawal from Cocaine Binge SA Transient increases in extracellular DA concentrations were evoked by single electrical pulse stimulations in slices containing the core of the NAc (Figure 3a) . Electrically stimulated DA release was significantly decreased (F 2,16 ¼ 15.6, po0.001) when compared to controls by approximately 33% and 49% following cocaine SA on a DT4 schedule for 10 days coupled with a deprivation period of 1 (po0.01) and 7 (po0.001) days, respectively (Figure 3b ). This decrease in DA release was greater following 7 days compared to 1 day of deprivation (po0.05, Figure 3b ). With regard to DA uptake, baseline data fit well to the kinetic model when the apparent K m was set at the literature value of 0.16 mM (Wightman et al, 1988) . The value of V max for naive rats was 1.670.1 mM/s (n ¼ 6). However, following cocaine SA, DA uptake rates were significantly increased (F 2,18 ¼ 3.9, po0.05) compared to controls following 1 day (2.3270.61 mM/s; po0.05; n ¼ 6) or 7 days (2.4070.57 mM/s; po0.05; n ¼ 7) of deprivation ( Figure 3c ). The fit of the data to the kinetics model were best if only a change in V max was used.
Cocaine is Less Efficient in Inhibiting DA Uptake Following Cocaine Binge SA and Deprivation
To investigate the effects of cocaine on DA uptake following cocaine SA, baseline uptake rates were determined without drug, and then cocaine (0.03-30 mM) was applied to brain slices cumulatively at 20-min intervals. Following cocaine SA on a DT4 schedule for 10 days coupled with a 1 or 7 day deprivation period, cocaine exhibited a greatly diminished effect on DA uptake (Figure 4a ). In general, during application of 1 mM cocaine or lower concentrations, there was an increase in the amplitude and duration of the extracellular DA response to stimulation and at 10 mM or Cocaine significantly elevated extracellular concentration of DA in naïve animals (po0.01; n ¼ 4) but failed to change DA in animals following binge/ deprivation cocaine SA with 1 (n ¼ 5) or 7 (n ¼ 8) days of deprivation. *Baseline and cocaine SA groups; po0.05. (b) Dual-probe microdialysis in the core and shell of the NAc of rats following cocaine binge SA. Cocaine did not increase extracellular DA either in the core (K) or shell (J) of the NAc (n ¼ 4) of rats SA for 10 and 7 days deprivation.
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higher concentrations there was a further widening but often a decrease in the amplitude (see Figure 4a , control), probably due to activation of D2-like release-regulating autoreceptors (Dwoskin and Zahniser, 1986) . Following application of 10 mM and higher concentrations of cocaine this decrease in the amplitude of DA signal is not observed Responses for naïve rats (n ¼ 4) are represented by the filled bar and for rats following cocaine binge SA with 1 (n ¼ 5) or 7 (n ¼ 7) days of deprivation by the dark and light gray bars, respectively. Electrically stimulated DA release was significantly decreased (po0.001) following cocaine binge SA with 1 (po0.01) or 7 (po0.001) days of deprivation. This decrease is greater following 7 days of deprivation compared to 1 day of deprivation (po0.05). (#po0.05, 1 vs 7 days off; *po0.01, 1 day off vs control; **po0.001, 7 days off vs control). (c) Following cocaine binge SA, DA uptake was significantly increased (po0.05) compared to naïve animals. Uptake rates were measured following evoked release of endogenous DA and evaluated by the parameter V max (Wightman et al, 1988) . Responses for naïve rats (n ¼ 6) are represented by the filled bar and for rats following cocaine SA with 1 (n ¼ 6) or 7 (n ¼ 7) days of deprivation by the dark and light gray bars, respectively (*po0.05, 1 or 7 days off vs control).
Figure 4
Cocaine is less efficient in inhibiting uptake following cocaine binge SA and deprivation. (a) Representative responses to 10 mM cocaine in slices containing the core of the NAc. Left: control; middle: cocaine binge SA with 1 day of deprivation; right: cocaine binge SA with 7 days of deprivation. Clearance of DA following release is due to DA uptake. Data points are every 100 ms. (b) Cocaine showed a decreased ability to inhibit DA uptake in the NAc core of animals following binge/deprivation SA after 1 (n ¼ 6) or 7 (n ¼ 7) days of deprivation (po0.0001), compared to naive animals (n ¼ 6). The graph shows the effect of cocaine on DA uptake measured as apparent K m , the observed affinity (in mM) of DA for the transporter. K m is equal to the DA concentration at which the reaction rate is half of its maximal value. Data are represented by: naïve animals (K) and animals following cocaine binge SA with 1 (') or 7 days (&) of deprivation.
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in animals with a binge/deprivation history of SA, most likely because D2-like autoreceptor function is desensitized following exposure to cocaine (see below). A high concentration of cocaine (30 mM) in the NAc core dramatically increased the apparent K m for DA uptake in naïve rats (24.7571.90 mM; n ¼ 6; Figure 4b ), resulting in overall decreased clearance rates. Surprisingly, cocaine did not have the same effect in animals following a binge/ deprivation history of SA. In these animals, the maximal apparent K m increased to only 9.2270.27 mM (n ¼ 6) and 11.0470.28 mM (n ¼ 7) following 1 and 7 days of deprivation, respectively (Figure 4b ). The effect of cocaine was significantly decreased following both periods of deprivation and a significant interaction between groups over time was found (F 10,95 ¼ 10.02; po0.0001).
DA Release-Regulating Autoreceptors are Subsensitive Following Cocaine SA
The activity of release-regulating autoreceptors was evaluated in the core of the NAc. Increasing concentrations of the DA D2-like receptor agonist quinpirole (1-300 nM) were added to slices at 25-min intervals. The peak in DA release was re-established at each concentration and expressed as percent of control ( Figure 5 ). Quinpirole significantly inhibited DA release in the core of the NAc (F 5,78 ¼ 44.88; po0.0001). The log-concentration extrapolated to the halfmaximal response (log EC 50 ) was À8.2570.25 (6 nM) for naïve animals (n ¼ 4). Following a cocaine binge SA history protocol and 1 or 7 days of deprivation, quinpirole also significantly decreased DA release in the core of the NAc (log EC 50 ¼ À7.8270.09; 15 nM and log EC 50 ¼ À8.0670.27; 9 nM, respectively). In this situation, cocaine SA history had a significant effect when compared to controls ( 
DISCUSSION
The present experiments showed that 10 days of binge-like cocaine SA produced a marked decrease in the ability of cocaine to inhibit DA uptake and also caused changes in DA terminal function suggestive of a hypodopaminergic state (see Dackis and Gold, 1985) . The changes observed in this study were found at both time points examined (after 1 and 7 days). Previous experiments have shown that the reinforcing effects of cocaine are significantly augmented after 7 days of drug deprivation compared to the 1 day off group (Morgan et al, 2002 . The present data showing that the 1 and 7 day deprivation groups show almost identical changes in DA terminal function indicates that these neurochemical effects do not account for the behavioral results. These data, showing a dramatic loss of cocaine effects on DA, are in contrast to accepted theories that equate increased behavioral response to cocaine with increased DA terminal responsiveness (Kalivas and Duffy, 1993; Suto et al, 2003) . Previous reports have shown enhanced cocaine-induced DA levels using a variety of other dosing protocols and have associated enhanced DA levels with increased cocaine reinforcement (Vezina, 2004 ). It appears that increased DA is associated with increased reinforcement following a locomotor sensitization producing protocol of experimenter-administered cocaine. However, a simple model of increased DA cannot account for the present results. The protocol used here provides high-intake, 24-h access SA, a procedure that differs significantly from a locomotor sensitizing regimen. Here, we have demonstrated that enhanced DA is not a requirement for elevated reinforcing efficacy of cocaine, and in fact a decreased DA response to cocaine may exist at the same time as increased reinforcement. That is, there is an increase in cocaine reinforcement using a progressive ratio SA schedule after 7 days of deprivation despite a downregulation in basal DA terminal parameters and a markedly decreased sensitivity to cocaine itself. Interestingly, there were similar dopaminergic changes in animals that were not sensitized to the reinforcing effects of cocaine (ie following 1 day of deprivation). Taken together, these results demonstrate that increased DA release in the NAc is not a necessary part of increased cocaine reinforcement and other hypotheses must be examined.
In sharp contrast to the behaviorally demonstrated increase in the reinforcing efficacy of cocaine, cocaine failed to increase extracellular DA concentrations in the core and shell of the NAc of freely moving rats. When the terminals were studied in more detail with voltammetry in brain slices containing the NAc core, the ability of cocaine to inhibit DA uptake was also severely curtailed following cocaine binge SA and deprivation (at both 1 and 7 days of deprivation). These findings are of particular interest because uptake has been shown not to change in limitedaccess cocaine SA paradigms, even with prolonged access times (Ahmed et al, 2003) . In fact, some microdialysis experiments have shown the same or greater effect of Figure 5 DA release-regulating autoreceptors are subsensitive following cocaine binge SA and deprivation. Concentration-response relationship of quinpirole and maximal evoked DA release in NAc core in naïve rats (n ¼ 4) and rats following a DT4 schedule of SA with 1 (n ¼ 5) and 7 (n ¼ 7) days of deprivation. Rats with a SA history showed a desensitized response of inhibitory D2 autoreceptors on DA release after 1 day (po0.0001) or 7 days (po0.0001) of deprivation. Data are represented by: naïve animals (K) and animals following cocaine binge SA with 1 (') or 7 days (&) of deprivation.
cocaine on extracellular DA levels following chronic administration (Akimoto et al, 1989; Duffy, 1990, 1993; Zapata et al, 2003) . Thus, it appears that continuous access is required to produce tolerance of DA uptake to the effects of cocaine. The demonstrated increase in the reinforcing efficacy of cocaine on a PR schedule after 7 days of deprivation occurs in spite of the decreased ability of cocaine to inhibit DA uptake in the core NAc, and suggests that the simple hypothesis that increased DA in the NAc leads to increased reinforcement is incomplete.
Each of the DA parameter changes measured by microdialysis and voltammetry in the present study are consistent with a compensatory downregulation of the DA system, presumably in response to elevated extracellular DA levels during cocaine SA. Measured with microdialysis, baseline extracellular DA concentrations were significantly decreased following cocaine binge SA and 1 or 7 days of deprivation. Voltammetry also showed that electrically stimulated DA release was significantly decreased after either deprivation period. Decreased DA release has been described previously following withdrawal from unlimitedaccess cocaine SA (Weiss et al, 1992) or chronic daily administration (Parsons et al, 1991) , although the opposite has also been found (Maisonneuve et al, 1995; Chefer and Shippenberg, 2002) . Thus, a hypodopaminergic status of DA terminals is present in the NAc core following this protocol of cocaine binge SA and deprivation.
The functional rate of DA uptake was found to be increased following binge-like cocaine SA, regardless of deprivation period. The more rapid clearance of extracellular DA would lead to a decrease in extracellular DA. In previous studies using rodents, repeated administration of cocaine has been shown many times to alter DAT measures, although the nature of these changes has been inconsistent and seems to be influenced by many factors, including mode and pattern of administration, dose, treatment duration, and length of deprivation period (Kuhar and Pilotte, 1996; Chefer and Shippenberg, 2002; Gerrits et al, 2002) . In human and non-human primate brains, data concerning changes in DAT binding levels have been conflicting, with increases (Staley et al, 1994; Malison et al, 1998; Letchworth et al, 2001 ) and decreases (Hurd and Herkenham, 1993) documented. There is also literature showing that with repeated cocaine administration, the affinity of the transporter is not changed, while the density or B max (roughly equivalent to our V max ) is increased (eg Claye et al, 1995) . Here, we found that the rate of DA uptake is increased by binge cocaine SA and deprivation, and this also contributes to the hypodopaminergic status of DA terminals in the NAc core.
Autoreceptors controlling DA release from terminals in the NAc core were found to be subsensitive to the inhibitory effect of quinpirole on electrically evoked DA release to an equal extent in both deprivation groups. This is an adaptation which might lead to greater DA release, but in this case it did not. DA release is controlled by many factors, including synthesis, vesicular packaging, presynaptic membrane ionic properties, and exocytotic machinery to name a few. Therefore, it is possible for autoreceptors to have less sensitivity to agonist activation and still have less DA released following electrical stimulation. Subsensitivity of autoreceptors may be explained by the normal process of G-protein-coupled receptor desensitization/downregulation following prolonged stimulation by the endogenous agonist, in this case DA (Kim et al, 2001) . Several reports have shown that experimenter-administered, repeated, intermittent cocaine treatment regimens that include an deprivation period produce locomotor sensitization and result in functional subsensitivity of release-modulating autoreceptors in the caudate-putamen (Jones et al, 1996) and NAc (Yi and Johnson, 1990; Davidson et al, 2000; Chefer and Shippenberg, 2002) . Decreased reactivity of DA cell bodies to D2 autoreceptor regulation has also been found following cocaine SA (Zhang et al, 1997; Gao et al, 1998; Marinelli et al, 2003) .
Both the shell and core of the NAc have been implicated in the behavioral effects of psychostimulant drugs. One idea is that the shell mediates the rewarding effects of drugs of abuse while the core mediates the locomotor stimulant effects (Carlezon and Wise, 1996; Ikemoto et al, 1997; Boye et al, 2001; Sellings and Clarke, 2003) . Cocaine and amphetamine appear to preferentially increase glucose utilization in the shell compared with the core of the Nac, and morphine, nicotine, cocaine, and amphetamine preferentially increased extracellular DA in the shell over the core (Pontieri et al, 1995 (Pontieri et al, , 1996 . In contrast, a number of papers suggest a preferential involvement of the NAc core in morphological changes associated with sensitization (Li et al, 2004) , acquisition of opiate SA (Alderson et al, 2001; Hutcheson et al, 2001) , and with relapse to cocaine use (McFarland and Kalivas, 2001 ). It would appear that both regions of the NAc subserve different roles in the reinforcing effects of drugs of abuse. Therefore, we examined DA in both regions in the present microdialysis study. Although the core was the main focus, it was important to rule out any major differences in DA regulation by cocaine SA and deprivation between these two regions that might explain the behavioral differences. Identical patterns of DA system downregulation were seen in the core and shell of the Nac; therefore, we conclude that cocaine is unable to elevate DA in either subregion of the NAc.
With the high intakes of cocaine that are achieved with this discrete trials SA procedure, the possibility that neurotoxicity may occur cannot be ignored; however, we feel that it is unlikely. For instance, during the behavioral sessions we did not observe evidence of behavioral toxicity (weight loss, loss of diurnal cycle, seizures, huddling, and other outward signs of illness). Moreover, the hypodopaminergic state observed in this study is not consistent with a loss of DA terminals, in fact, a significantly greater DA uptake rate was found following SA and deprivation. Therefore, neurotoxicity cannot account for the changes in DA system function found in the present study.
Overall, we conclude that DA neurotransmission in the NAc following binge-deprivation SA is hypodopaminergic. This is in contrast to many studies of limited-access cocaine SA and suggests that extended access and high intake of cocaine produces a different profile of adaptations. Seven days of deprivation produces a greatly increased reinforcing efficacy of cocaine, but surprisingly DA terminals in the core NAc were not altered in a manner that would provide a greater DA elevation with cocaine, and in fact just the opposite occurred. Interestingly, the DA terminals were low-functioning and highly insensitive to the effects of cocaine.
There are at least three possibilities to consider. First, the progressive decrease in electrically stimulated DA release found at 7 days of deprivation may be indicative of a general decrease in DA signaling that is aversive to the animal, and the relatively small increment in extracellular DA that may be induced by cocaine may have a larger value than normal. In other words, in a hypodopaminergic state, a particular dose of cocaine may maintain more responses on a PR schedule than it would in an animal with a normal dopaminergic state. Second, and related, is the possibility that supersensitivity of postsynaptic DA receptors develops over the 7 days of deprivation in response to low DA output to produce a larger response to the presumably lesser increase in DA following cocaine. Finally, and most likely, DA terminals in the NAc core may not be the location of adaptations promoting the increase in reinforcing efficacy of cocaine. Locomotor sensitization appears to require alterations in glutamate neurotransmission in the ventral tegmental area; similarly, neurotransmitters other than DA or locations other than the NAc could be involved in the increased response to cocaine.
Clearly the mechanisms underlying the acute reinforcing effects of cocaine and the process of addiction are different. These are early days of examining the neurobiology of the addictive process using SA models rather than examining the acute reinforcing effects. Here, we demonstrate subsensitivity at the initial site of action of cocaine, and downstream elements and other neurotransmitter systems are clearly implicated in the alterations in cocaine reinforcement produced by this animal model.
